ABSTRACT
INTRODUCTION

24
The leaf of grasses typically consists of a relatively narrow blade and sheath enclosing Japan and 666 accessions from other countries (Matsuo 1952) . Flag leaves were wider 21 in accessions from Java, western China, and Latin America, and narrower in those from 22 north China, central China, and Russia. Flag leaves were longer in accessions from Java 23 and India, but shorter in those from Taiwan, central China, and south China. In 
10
The NAL1 gene exhibits natural variations that are associated with plant morphology cloning, to explore the cause of the natural variations in the flag leaf morphology of rice.
26
We found that an amino acid-altering mutation in NAL1, which occurred during rice 27 domestication, significantly contributes to the natural variations in rice flag leaf 28 morphology.
29
MATERIALS AND METHODS
31
Plant materials
1
The rice accessions used in this study are summarized in Table S1 and details are 2 provided in File S1. planted in 2013 to collect data for the PCA (Tables S1 and S2 ).
8
A total of 102 accessions (Tables S1 and S3 ) were selected to represent the breeding 9 history of rice in Japan in the GWAS. These accessions were selected because their 10 population structure was simpler than that of the accessions in the NIAS Core Seeds of world-wide collections of rice accessions including those described above, 
20
Seeds of the CSSLs that were used to evaluate the Phulba allele of NAL1 were sown in
21
May 2013, and seedlings were transplanted in June. used for the correlation analysis and PCA, which was conducted using JMP version 10.0
17
(SAS Institute, Cary, NC, USA).
19
Genome-wide association analysis 20 We conducted the GWAS of flag leaf morphology using 102 rice accessions (Table S3 The length and width of the flag leaf were the averages of the three largest flag The QTL analyses were performed by composite interval mapping as implemented 10 by QTL Cartographer 2.5 software (http://statgen.ncsu.edu/qtlcart/WQTLCart.htm).
11
Genome-wide threshold values (α = 0.05) were used to detect QTLs based on the results
12
of 1000 permutations (Churchill and Doerge 1994).
14
One-way analysis of variance 15 The 103 accessions from the NIAS Core Collection were divided into two groups 
18
To test the equality of the two groups, one-way analysis of variance for length and width 
Production and evaluation of transgenic plants
25
Details of the production of transgenic plants are provided in File S1.
26
The copy number of transgenes in T 0 and T 1 plants was determined based on the 27 amount of NAL1 genes relative to ubiquitin 2 (RUBQ2, AF184280) genes, as 28 determined by quantitative real-time PCR. The primers used are shown in Table S4 . The
29
T 1 plants were classified into groups depending on the copy number of transgenes, and Table   7 S4. The PCR products were sequenced, and phylogenetic analyses were conducted with Table S9B and the sequence with the lowest E-value was selected for each species. Table S4 . TaqMan real-time PCR was performed (Table S5) , and (3) among the three thickness of flag leaf traits. The highest 10 estimated correlation coefficient was 0.87.
11
The above nine traits were used in the PCA. This analysis covered 103 accessions (Table 1 ). In the PCA, the first three components accounted for more than 80% of the 14 total variance. PC1 and PC2 accounted for 39.2% and 27.5% of total variance, 15 respectively, and the following variables showed substantial loadings: WFL, NLVB,
16
NSVB, and NSVB bet LVB for PC1; TFL_LVB, TFL_SVB, and TFL_MC for PC2;
17
LFL and DSVB for PC3. WFL and its correlated traits were, therefore, the most 
QTLs on chromosomes 4 and 8 contributed to natural variations in WFL 28
The GWAS for WFL ( Figure 1A ) identified a marker RM6992 at 30. WFL on the long arm of chromosome 4 but no QTLs on chromosome 8 ( Figure 1B ).
20
The variation in WFL was further studied by a QTL analysis followed by a mapping of BILs derived from a BC 1 F 1 (Jarjan/Koshihikari//Koshihikari) plant (Table S7 ). In 26 both analyses, QTLs for WFL were not linked to markers for heading date (HD), 27 whereas QTLs for LFL and for HD on chromosome 6 were linked to the same marker. (NARROW LEAF 1), Os04t0615100, and Os04t0615200 ( Figure S2C ). Among the three 12 genes, NAL1 had three nucleotide differences that would alter the encoded amino acid
13
(one in exon 3 and the other two in exon 5). Another difference between Takanari-and   14 Akenohoshi-derived alleles was the length of a poly-glutamine region, that is, a 15 difference in the number of CTG repeats, in exon 2 of Os04t0615200 (Table 2A , Figure   16 S2C).
17
Given that NAL1 was the best candidate for the QTL for WFL among the three ORFs, 18 we examined its promoter region, since a previous report suggested that some NAL1 Of the 11 CSSLs shown in Table 2B , only two had the same WFL as Koshihikari (Table   2 2B, right). The donors of these CSSLs were Hayamasari or Tupa121-3. Among the four 3 differences mentioned above, only the R233H amino acid difference in NAL1 coincided 4 with the observed differences in WFL (Table 2B , left).
5
To gain insight into the R233H amino acid mutation, we compared eight traits These analyses confirmed that the 233 rd amino acid substitution in NAL1 affected 1 NSVL, NCME, and NCLVBE, as well as WFL ( Figure S3 ).
2
To further explore the effect of the R233H amino acid mutation on WFL, we ( Figure 3C ), the copy number of the H-type allele had little or no effect on traits (Table S8A ). The obtained sequences were 27 classified into seven types according to their predicted amino acid sequences (Figure 4 ). However, most of the accessions with R 233 were in the indica subgroup.
27
Exon 3 of NAL1 was sequenced for 23 accessions from 10 wild rice species, and all 28 had G at the 1509 th nucleotide and encoded the amino acid R at the 233 rd residue (Table   29 S9A). Interestingly, the survey of NAL1 homologs in the genome databases of plants of 30 various taxa (Table S9B ) revealed that species in the Streptophyta, including land plants (Table 3) . Koshihikari (H-type; type IV'), and Phulba (truncated protein; type V) (Figure 7 ). (Table S9A ). The presence of the R-type allele of NAL1 in land 17 plants also suggests that the R-type allele is the ancestral form, and the H-type allele is these tissues likely explain the pleiotropic effects of the Nal1 mutation.
31
With respect to the grain yields, the effects of R-type and H-type alleles seem to vary. 
20
b Near second large vascular bundle from midrib. 
21
